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ABSTRACT We argue for the critical
role of oxidative damage in causing the
mitochondrial dysfunction of aging. Oxi-
dants generated by nito dria appear
to be the major source of the oxidative
lesions that accumulate with age. Several
mitochondrial fumctins decline with age.
The contributing factors include the in-
trinsic rate of proton leakage across the
inner mitochondrial membrane (a corre-
late of oxidant formation), decreased
membrane fluidity, and decreased levels
and function of cardiolipin, which sup-
ports the function of many of the proteins
of the inner mitochondrial membrane.
Acetyl-L-carnitine, a high-energy mito-
chondrial substrate, appears to reverse
many age-aciated dec in cellular
function, in part by increasing cellular
ATP production. Such evidence supports
the suggeston that age-associated accumu-
lation of mitochondrial deficits due to ox-
idative damage is likely to be a major
contributor to cellular, tissue, and organ-
ismal apg.

Aging, an inevitable biological process, is
characterized by a general decline in
physiological function that leads to mor-
bidity and mortality. Specific causes of
this decline are not known, although var-
ious lines ofevidence implicate stochastic
events as being a fundamental driving
force behind this process (1). We review
the evidence that sustained damage in-
flicted by endogenously produced oxi-
dants is the likely cause ofthe age-related
deficits in mitochondrial function. This
decline is associated with a generalized
physiological decline that is common to all
aging organisms. In a companion review
(2) we discussed the evidence that oxida-
tion is a major contributor to cellular aging
and the degenerative diseases that accom-
pany aging such as cancer, cardiovascular
disease, immune-system decline, brain
dysfunction, and cataracts. Also reviewed
was the evidence that dietary antioxi-

dants, such as ascorbate, tocopherol, and
carotenoids, the main source ofwhich are
fruits and vegetables, protect against
these degenerative diseases.

Oxidants are produced continuously at
a high rate as a by-product of aerobic
metabolism. These oxidants include su-
peroxide (OD, H202, and hydroxyl radi-
cals (HO-) (the same oxidants produced
by radiation) and possibly singlet oxygen
(102). They damage cellular macromole-
cules, includingDNA (3), protein (4), and
lipid (5). Accumulation of such damage
may contribute to aging and age-associ-
ated degenerative diseases.
The continuous threat of oxidant dam-

age to the cell, tissue, and organism as a
whole is underscored by the existence of
an impressive array of cellular defenses
that have evolved to battle these reactive
oxidants (6). However, these defenses
are not perfect and, consequently, cellu-
lar macromolecules become oxidatively
damaged. The accumulation of these
damaged macromolecules is proposed to
contribute significantly to aging (2).

Mitochondria constitute the greatest
source of oxidants on the basis of the
following evidence. (i) The mitochondrial
electron transport system consumes ap-
proximately 85% of the oxygen utilized
by the cell. (ii) In contrast with other
oxidant-producing systems of the cell
(cytochrome P450, various cytosolic ox-
idases, /3-oxidation of fatty acids in per-
oxisomes, etc.), mitochondria are re-
quired for the production ofATP and are
present in relatively high numbers in es-
sentially all cells of the body. Cellular
energy deficits caused by declines in mi-
tochondrial function can impair normal
cellular activities and compromise the
cell's ability to adapt to various physio-
logical stresses. We argue that this oxi-
dative damage, and in particular oxida-
tive damage to mitochondria, is a major
factor in aging.

Age-Related Oxidative Damage to
Mitochondrial Macromolecules

Oxidative Damage to Mitochondrial
DNA. Levels of oxidative damage to
mtDNA isolated from rat liver or various

human brain regions are at least 10-fold
higher than those of nuclear DNA (7-9).
This increase correlates with the 17-fold
higher evolutionary mutation rate in
mtDNA compared with nuclear DNA
(10). These higher levels of oxidative
damage and mutation in mtDNA have
been ascribed to location of the DNA
near the inner mitochondrial membrane
sites where oxidants are formed, lack of
protective histones, and lack of DNA
repair activity. Oxidative lesions in
mtDNA accumulate as a function of age
in human diaphragm muscle (11), human
brain (8), and rat liver (2). The amount
of 8-oxo-2'-deoxyguanosine (oxo8dG), a
biomarker of oxidative DNA damage, in
mtDNA in human diaphragm muscle is
reported in an 85-year-old individual to
reach levels ofapproximately 0.5% ofthe
dG residues in mtDNA. Comparisons of
this mtDNA with mtDNA isolated from
younger individuals indicate an approxi-
mate 25-fold increase with age. A high
level ofoxo8dG (0.87% ofdG residues) is
also observed in mtDNA isolated from
regions of the human brain from one
individual 90 years ofage (8). The level of
oxo8dG in mtDNA of rat liver shows a 2-
to 3-fold increase in 24-month-old rats
(less than their maximal lifespan of 30
months) (2). This less impressive eleva-
tion presumably reflects a decreased ac-
cumulation of damage in mitotic versus
postmitotic cells. The age-associated ac-
cumulation of oxidative damage to
mtDNA correlates with the level of
mtDNA deletions seen in a number of
tissues composed ofpostmitotic cells (see
below; ref. 11). It is argued that this dam-
age leads to mutations that results in dys-
functional mitochondria. Oxidative dam-
age to brain mtDNA may contribute to the
age-dependent increase in the incidence of
neurodegenerative diseases (8).

Oxidative Damage to Mitochondrial
Protein. The accumulation of oxidatively
damaged proteins, the extent of which
varies within and among tissues, in-
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creases markedly with age (4). As in the
case of oxidative damage to DNA, an
age-associated increase in oxidative dam-
age to mitochondrial protein is observed
(12). The accumulation of oxidized dys-
functional protein with reactive carbonyl
groups could lead to inter- and intramo-
lecular cross-links with protein amino
groups and cause loss of biochemical and
physiological function in mitochondria.
Thus the age-related accumulation of pro-
tein oxidation products in mitochondria
may also lead to loss ofenergy production
and increased production of oxidants.

Oxidative Damage to Mitochondrial
Lipids. The fluidity of cellular mem-
branes decreases with age (13), a change
that may be attributed in part to oxidation
of plasma and mitochondrial membrane
lipid components. Part of this increased
sensitivity to oxidants appears to be due
to changes in membrane lipid composi-
tion. For example, in the liver microso-
mal and mitochondrial membrane frac-
tions isolated from rodents, there ap-
pears to be a progressive decline in the
amount of linoleic acid (18:2). This
change is roughly paralleled by an in-
crease in the amount of long-chain poly-
unsaturated fatty acids (22:4 and 22:5), a
subclass of lipids that exhibit a higher
degree of unsaturation and are more sen-
sitive to oxidation reactions than linoleic
acid (14). Most of these substitutions
(18:2 to 22:4 and 22:5) appear to occur in
the fatty acid composition of cardiolipin.
Because cardiolipin plays a pivotal role in
facilitating the activities ofkey mitochon-
drial inner membrane enzymes (see be-
low), it would be expected that changes
that increase its susceptibility to oxida-
tive damage would be deleterious to nor-
mal mitochondrial function.
The age-dependent accumulation of

lipids that are more prone to peroxidation
may also, following peroxidation, in-
crease the rigidity (or decrease the fluid-
ity) of cell membranes. Mitochondria ap-
pear to account for essentially all the net
loss of water that occurs with age in
certain tissues (liver and heart) (15),
which is consistent with the age-associ-
ated increase in membrane rigidity ob-
served in this organelle. Similarly, de-
creases in lateral diffusion of plasma
membrane proteins (e.g., receptors) ap-
pear to be associated with a general de-
cline in signal transduction that is com-
monly observed in aging organisms.

Phospholipase A2 appears to be impor-
tant for repair of oxidatively damaged
lipids (16). Phospholipase A2 activity in
the inner mitochondrial membrane in-
creases in response to conditions associ-
ated with increased oxidant production,
such as bacterial endotoxin treatments
(17). Increases in inner mitochondrial

phospholipase A2 activity are also ob-
served in mitochondria isolated from rats
fed fish oil (18) or given insufficient vita-

min E (19), dietary treatments associated
with increased lipid peroxidation. Effi-
cient membrane antioxidants such as
ubiquinol and its synthetic derivatives in-
hibit release of fatty acids catalyzed by
phospholipase A2 (20), presumably by in-
hibiting oxidation of lipids. Physiological
conditions such as hypothyroidism or hi-
bernation, which lead to reduced mito-
chondrial oxygen consumption, are asso-
ciated with a marked decline in phospho-
lipase A2 activity (21). These observations
support the suggestion that phospholipase
A2 is a repair enzyme that catalyzes the
removal of oxidized lipids in membranes.
Without such a repair activity peroxidized
lipids could accumulate, the consequence
of which might include increased mem-
brane permeability and loss of mitochon-
drial respiratory control.

Age-Related Changes in Mitochondria

Bioenergetics. The components of the
electron transport chain, which catalyze
the phosphorylation ofADP to ATP, work
as an integrated system composed of a
total of five protein complexes. mtDNA
encodes 13 of the proteins and nuclear
DNA encodes approximately 60. Com-
plexes I-IV are involved in the oxidation
of NADH, electron transport, and the
generation ofan electrochemical gradient.
This electrochemical gradient, which is
created by pumping protons across the
inner mitochondrial membrane, is utilized
by ATP synthase (complex V) as a source
of energy. Relevant to mitochondrial
function is the efficiency of electron
movement through the electron transport
chain and its coupling to oxidative phos-
phorylation to produce ATP. The cou-
pling efficiency can be measured exper-
imentally by determining the ratio ofATP
production to molecular oxygen con-
sumed (ADP/O), and whether the mito-
chondria are in state 3 or state 4. State 3
represents a condition where the rate of
oxidative phosphorylation is not limited
by ADP concentration. State 4, a condi-
tion where the level of ADP limits oxi-
dative phosphorylation, is associated
with a reduced respiratory chain, leading
to increased formation of 02 byproduct.
Temporary or sustained loss of mito-

chondrial function and ATP production
can have a major impact on the fidelity of
cellular defenses and repair processes.
This may result in increased mutational
load, increased accumulation of dysfunc-
tional cellular macromolecules, and a de-
creased capacity to mount an appropriate
stress response when challenged. Proba-
ble age-associated loss of function in mi-
tochondria is suggested (Table 1) by the
evidence of increased mtDNA deletions
(26, 29) and point mutations (31, 32),
increased oxidative damage to mtDNA
(2, 8, 11), increased levels of aberrant
forms of mtDNA (30, 33, 34), formation

of mtDNA-protein crosslinks (35), in-
creased production of mitochondrially
derived oxidants (22-25, 50, 51), de-
creased state 3/state 4 ratio (47, 48),
decline in activities of complexes I, II,
and IV (36-39), and age-related de-
creases of mitochondrial cytochrome ox-
idase in postmitotic tissues (49). Marked
changes in mitochondria with age have
been observed histologically-, including
enlargement, matrix vacuolization,
shortened cristae, and loss ofdense gran-
ules (46). As only about half of these
enlarged mitochondria can be recovered
from old animals (46) it is quite possible
that differences in the function of mito-
chondria isolated from old versus young
animals are underestimated by this selec-
tive loss and may be one reason for the
apparent lack of age-associated biochem-
ical changes in this organelle (reviewed in
ref. 47). Along with the histological
changes cited above, the potential for
lipid peroxidation (the "peroxidizability
index") in the inner mitochondrial mem-
brane increases (44), making the mito-
chondria more susceptible to damage by
oxidants. Furthermore, the decreased
content of 18:2-containing lipids, which
are optimal for cardiolipin interactions
with proteins of the inner mitochondrial
membrane (52), may account for the de-
creased state 3/state 4 ratio, and in-
creased 01 and H202 formation that has
been observed in some tissues with age.
These changes, in turn, can contribute to
increased loss of efficiency in mitochon-
drial function.

Species-Specific Differences in Longevity
Correlate Inversely with Metabolic Rate.
The metabolic rate is a function of the
total amount of oxygen consumed by the
organism per unit time. This rate is de-
pendent on the amount of metabolically
active organs plus their respective tissue
specific rates of oxygen consumption,
which differ depending on mitochondrial
content and workload. Thus, changes in
the metabolic rate of a specific tissue per
unit mass appear to correlate positively
with the content of mitochondria (53).
Metabolic rate correlates inversely with
maximum life-span potential and corre-
lates directly with the cytochrome oxidase
content per cell; larger, longer-lived ani-
mals contain less cytochrome oxidase per
cell (54). The total body content of cy-
tochrome c and cytochrome oxidase is
inversely correlated with body size (55,
56). Rates of protein synthesis increase as
a function of metabolic rate, and the in-
crease may be due to increased protein
turnover rates that are stimulated in part
by endogenous oxidative damage. This
suggestion is supported by the consistent
inverse correlation of protein half-lives
and body size with the rate of oxygen
consumption (57).

Phylogenetic Differences in Mitochon-
drial Proton Leakage: Relationship to Spe-
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Table 1. Age-related changes in mitochondria
Parameter measured Effect Organ Animal Ref.

Oxidant production and damage
01 and H202 production
01 and H202 production
01 and H202 production
Oxidative damage to mtDNA
Oxidative damage to mtDNA

Mitochondrial DNA aging
mtDNA deletions
mtDNA deletions
mtDNA additions/deletions
mtDNA point mutations
Circular dimer mtDNA
Circular dimer mtDNA
mtDNA-protein crosslinks

Membrane and electrolyte changes
Complex I
Complexes I and IV
Complexes I and IV
Complexes I, II, and IV
Cardiolipin levels
Cardiolipin levels
Carnitine-acylcarnitine exchanger
Phosphate translocator
Pyruvate translocator
Membrane cholesterol/phospholipid ratio
Membrane cholesterol/phospholipid ratio
Peroxidizability index
Membrane fluidity
Water content
Membrane potential

Recovery of damaged mitochondria

Increase
Increase
Increase
Increase
Increase

Increase
Increase
Increase
Increase
Increase
Increase
Increase

Decrease
Decrease
Decrease
Decrease
Decrease
No change
Decrease
Decrease
Decrease
Increase
Increase
Increase
Decrease
Decrease
Decrease

Decrease

Heart
Liver
Kidney, heart
Brain, diaphragm muscle
Liver

Various brain regions
Diaphragm muscle, various organs
Liver
Extraocular muscle
Brain
Kidney, heart
Liver

Brain
Brain
Respiratory muscle
Skeletal muscle
Heart, nonsynaptic neurons
Liver mitochondria, microsomes
Heart
Heart
Heart
Heart
Lymphocyte
Liver mitochondria microsomes
Liver
Heart
Lymphocyte

Liver

Mitochondrial bioenergetics
State 3 respiration
State 4 respiration
State 4 respiration
ADP/O
Cytochrome oxidase immunoreactivity

General decrease
General decrease

No change
No change
Decrease

Various

Various
Various
Various
Limb/diaphr muscle

Various
Various
Various
Various
Human

Reviewed in 47
Reviewed in 48
Reviewed in 47
Reviewed in 47
49

Peroxidizability index, the potential of membrane lipids to undergo peroxidation; ADP/O, ratio of ATP production to molecular oxygen
consumed, an index of oxidative phosphorylation.

cies-Spedfic Longevity. Porter and Brand

(58) reviewed phylogenetic differences in
the extent of proton leakage across the
inner mitochondrial membrane. This pro-
ton leakage, which is inversely correlated
with species-specific body weight and
life-span, could be an important factor
governing the rate at which mitochondri-
ally derived oxidants are produced.
Thus, animals with a high metabolic rate
and short life-span, such as rodents, ex-
hibit a significantly higher rate of proton
leakage as compared with larger mam-
mals. Though there is no direct evidence
linking proton leakage to oxidant produc-
tion, conditions associated with in-
creased proton leakage are associated
with an increased production of mito-
chondrially derived oxidants. Thyroid
hormones, for instance, increase both
proton leakage and state 4 respiration;
this change accompanies increases in mi-
tochondrial respiration, oxygen con-

sumption, production of oxidants, and
formation of lipofuscin, a marker of
oxidative damage. Conversely, hy-
pothyroidism is associated with de-
creased proton leakage and less state 4
respiration (59). The rate ofproton leak-
age may explain the difference in basal
metabolic rate and life-span between the
very long-lived reptile Amphibolurus
vitticeps and the short-lived rat, two
species with the same body size and body
temperature. The proton leakage and
metabolic rate of this reptile are both
about 20% those of the rat (60). Phylo-
genetic differences in species-specific
metabolic rate have been shown to pos-
itively correlate with state 4 respiration
and Oi formation (25). Thus, it is quite
plausible that the species-specific rate of
proton leakage, which is associated with
increased state 4 respiration, could be a
major factor in the species-specific rate
of oxidant production.

Mitochondrial DNAM s and Ag-
ing. mtDNA defects can lead to mito-
chondrial dysfunction; some of these de-
fects are genetically inherited and have
been shown in some instances to be as-
sociated with an extensive amount of
mtDNA deletions (30-80% of all
mtDNA) or point mutations resulting in
energy deficits and compromised tissue
function (61). mtDNA deletions, many of
which are produced because of illegiti-
mate recombinational events at direct
repeat sequences, are particularly prev-
alent in postmitotic tissues (62). Associ-
ated with these deletions are myopathies
and increased susceptibility to neurode-
generative disorders.
The type of deletions and point muta-

tions in mtDNA that cause inherited my-
opathies are also observed to increase
with age (63). The age-associated increase
in the level of any of the common dele-
tions (e.g., mtDNA 4977, mtDNA 7436,

Rat
Various
Various
Human
Rat

Human
Human
Mouse, rat
Human
Mouse
Mouse, rat
Rat

Monkey
Monkey
Rat
Human
Rat
Rat
Rat
Rat
Rat
Rat
Human
Rat
Rat
Rat
Mouse

Mouse

22
23, 24
25
8, 11
2

26-28
11, 29
30
31, 32
33
34
35

36
37
38
39
40, 41
14
42
43
40
40
13
14
44
15
45

46
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and mtDNA 10422) produced spontane-
ously is low (<0.1% versus 30-80% for
inherited cases). While the effect of this
low level of deletions may not be signifi-
cant, it is postulated that these deletions
represent only a small portion, "the tip of
the iceberg" (62), of the multitude of de-
letions and point mutations that might
exist and accumulate with age. It is plau-
sible that the accumulation of all mtDNA
defects could account for the age-related
deficits in mitochondrial bioenergetic ca-
pacity and function.
The role of oxidants in the formation of

mtDNA deletions is supported by the ob-
servation that doxorubicin, a compound
that stimulates mitochondrial oxidant pro-
duction, creates a marked elevation in
mtDNA deletions in cardiac tissue; this
effect is blocked by ubiquinone (coen-
zyme Q1o) (64), a key component of the
mitochondrial electron transport system
whose reduced form, ubiquinol, exhibits
antioxidant properties (65). The age-
associated accumulation of the common
deletion mtDNA 4977 also appears to cor-
relate with oxygen consumption (27, 62)
as well as functional workload (66). This
and other mtDNA deletions have been
postulated to be responsible for the de-
generation of neurological function, car-
diovascular function, and muscle move-
ment that are common in older individuals
(63).

Studies that have examined the content
of cytochrome oxidase in mitochondria
show a progressive and random loss in
this enzyme (49, 67) which correlates well
with the age-associated decline in mtRNA
synthesis (68). A study of human dia-
phragm muscle indicates that cytochrome
c oxidase decreases markedly beyond the
seventh decade of life (69). Examination
of various muscle tissues (extraocular
muscles, human diaphragm, skeletal mus-
cles), brain, liver, heart, and lung (11, 26,
28, 29, 62, 69) reveals age-associated in-
creases in mtDNA deletions. These dele-
tions are proposed to create tissue bioen-
ergy mosaics (29, 70) that may account for
losses in bioenergetic capacity. This has
been shown to occur with age in skeletal
muscle (71) and in liver (72).

Mitochondrial Compensatory Mecha-
nisms. The loss of functional mitochon-
dria with age appears to be compensated
in part by the increased workload of the
remaining intact population of mitochon-
dria (73). The increase in senescent tissue
ofmtDNA copy number (74) supports the
idea of an adaptive mechanism designed
to restore mitochondrial function. These
changes may account for the apparent
lack of effect of aging on the level of
adenine nucleotide levels observed in
cells of aged organisms.

Thus, the increases in either mtDNA
copy number (74) or the expression of
nucleus encoded proteins for oxidative
phosphorylation (66) may be feedback

mechanisms that compensate for mito-
chondria harboring defective proteins or
mtDNA. The result of such a mechanism
is to allow a cell to adapt to a localized
loss ofmitochondrial function.t Compen-
satory mechanisms in the fully functional
cells mask the inefficiencies of their dys-
functional neighbors but in doing so in-
crease their workload, their energy ex-
penditures, and the probability of incur-
ring damage and loss of function.

Imbalances in the Electron Transport
Chain Produce Increased Superoxide and
Hydrogen Peroxide. Damage to inner
membrane proteins constituting the elec-
tron transport chain can alter the effi-
ciency of electron transport. Imbalances
in the stoichiometry of functional elec-
tron transport proteins is proposed to
lead to a leakage in the flow of electrons
to the terminal electron acceptor, cy-
tochrome oxidase (75). The decreased
age-related expression ofcytochrome ox-
idase in tissues such as the heart, liver,
and brain are of particular relevance.
Furthermore, alteration in protein con-
formation due to direct oxidative damage
or through DNA mutation may cause
inefficient transfer of electrons through
the electron transport chain. This would
increase the likelihood of superoxide for-
mation. Treatment of submitochondrial
particles with glutaraldehyde increases
0O and H202 production, presumably by
inducing crosslinks between proteins and
lipids of the inner mitochondrial mem-
brane (76). Crosslinks of inner mitochon-
drial membrane proteins by oxidants, or
reactive aldehydes generated from lipid
peroxidation, may also result in in-
creased O' and H202 production, thus
further increasing the damage that can
lead to mitochondrial dysfunction.

Mutation to Nuclear DNA-Encoded Mi-
tochondrial Protein. Mutations in the
many nuclear DNA-encoded proteins of
the mitochondria could also lead to mi-
tochondrial dysfunction. Such muta-
tions, which are likely to be produced in
part by endogenous oxidative damage,
may result, for example, in lowered effi-
ciencies of electron transport compo-
nents, lowered efficiencies of substrate
and phosphate transporters, and lowered
rates of ATP synthesis. Nuclear genes
encoding mitochondrial proteins are tran-
scribed continuously and are therefore
expected to be at an increased risk of
mutation compared with other regions of
the genome that are transcribed at a

tAnalogous compensatory effects are pro-
posed to account for the age-dependent loss
of dopaminergic neurons. Functional deficits
in dopaminergic neurons are not observed
until approximately 80%o of these cells are
lost. This implies that with the attrition of
these nerve cells, the remaining viable neu-
rons increase their workload to the point of
adequately compensating for this loss.

lower rate, if at all. Although nuclear
DNA is considerably less susceptible to
mutation than mtDNA, once formed, the
products of such mutation would affect
the bioenergetics of all of the mitochon-
dria in the cell. Mutation in the nuclear
gene encoding a protein product associ-
ated with cytochrome c oxidase activity
is postulated to be responsible for the
encephalomyelopathy of Leigh syn-
drome (77). Mutations to nuclear DNA
that encode proteins ofthe mitochondrial
electron transport chain will include le-
thal mutations that are cytotoxic and
dominant mutations that cause mitochon-
drial dysfunction but allow the cell to
remain viable.

Functional Consequences of the Age-
Related Changes in Mitochondrial Cardio-
lipin. Cardiolipin, a diphosphatidyl glyc-
erol derivative found principally in mito-
chondria, plays an important role in
mitochondrial membrane structure and
function. The decrease of cardiolipin with
age is associated with a decrease in state
3/state 4 ratio. Cardiolipin interacts with
various proteins of the inner mitochon-
drial membrane and plays a pivotal role in
maintaining their activities (48). In addi-
tion, cardiolipin appears to play an impor-
tant role in controlling the permeability of
the inner mitochondrial membrane to
small molecules as well as in establishing
mitochondrial proton gradients.

Mitochondrial cardiolipin content has
been reported to decrease with age in a
number of tissues, including heart, liver,
and nonsynaptic brain mitochondria (40,
41, 43). This loss, which may be due to a
decline in mitochondrial cytidine triphos-
phate (CTP):phosphatidate cytidylyl-
transferase activity (78), could play a
critically important role in the age-related
decrements in mitochondrial function.
The change in mitochondrial cardiolipin
is paralleled in mitochondria by a de-
crease of the inner membrane surface
area (79), smaller, sparser cristae (80),
and increased fragility (81).
The functional changes in mitochon-

drial enzyme activities that accompany
the modifications in cardiolipin composi-
tion include a decrease in the activity of
cytochrome oxidase that, as mentioned
above, appears to be involved in the
age-related increases in the production of
mitochondrially derived oxidants. Other
proteins of the inner mitochondrial mem-
brane that also require interaction with
cardiolipin for optimal catalytic activity
include the ADP/ATP translocator,
phosphate translocator, mitochondrial
ATP synthase, and mitochondrial sub-
strate transporters, as well as the palmi-
toyl carnitine transferase and carnitine
translocase systems (52). Under certain
experimental conditions that strip cardio-
lipin off protein, denaturation and com-
plete loss of activity of many of these
proteins are observed. Cardiolipin ap-
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pears to be essential for the activity ofthe
proteins it interacts with, because substi-
tution with other mitochondrial phospho-
lipids (e.g., phosphatidylcholine and
phosphatidylethanolamine) has little or
no effect in reconstituting activity. The
age-related decrease in heart mitochon-
drial cardiolipin is correlated with an
increased cholesterol-to-phospholipid ra-
tio (82), a change that is associated with
increased membrane rigidity. Acetyl-L-
carnitine (ALCAR) fed to old rats in-
creases the amount of cardiolipin to lev-
els similar to that of young rats (83),
suggesting that ALCAR administration
may improve cellular bioenergetics in the
aged rat.

Cardiolipin contains a higher ratio of
unsaturated to saturated fatty acid resi-
dues compared with the other phospho-
lipids of the inner mitochondrial mem-
brane, a characteristic that increases its
sensitivity to oxidation. The sensitivity
of cardiolipin to peroxidation increases
with age in rodents, an effect that appears
to be attributable in large part to the
replacement of 18:2 acyl side chains with
more readily peroxidizable 22:4 and 22:5
acyl side chains (14). The mechanism
underlying the age-related change in the
composition of the acyl side chains of
cardiolipin is not known. Interestingly,
calorie restriction, a dietary regimen that
extends life-span in rodents, maintains
the level of 18:2 acyl side chains and
inhibits the cardiolipin composition
change to the 22:4 and 22:5 class of lipids
(14). Calorie restriction does not appear
to have a marked effect on cardiolipin
levels (14).

Oxidative stress conditions decrease
cardiolipin levels by inducing oxidation
of its unsaturated fatty acyl side chains.
After episodes of ischemia-reperfusion,
cardiolipin appears to be destroyed se-
lectively by oxidants (84-86). The exten-
sive lipid peroxidation that occurs at the
inner mitochondrial membrane as a result
of this challenge appears to be cata-
strophic to the integrity of cardiolipin.
This in turn leads to the inactivation of
cytochrome c and mitochondrial en-
zymes (86) and increases the permeabil-
ity of the inner mitochondrial membrane
(85). Because cardiolipin is important in
precursor protein import into mitochon-
dria (87), changes in its level or acyl side
chain composition could adversely affect
targeted insertion ofnucleus-encoded mi-
tochondrial proteins.

Mitochondrial Damae: Effects on Ml-
togenesis. Exposure ofHeLa cells to 801%
02 for 2 days inhibits mitochondrial res-
piration and is associated with growth
inhibition and loss of mitogen respon-
siveness (88). This treatment leads to the
inactivation of the thiol-containing mito-
chondrial enzymes NADH dehydroge-
nase, succinate dehydrogenase, and
a-ketoglutarate dehydrogenase. Studies

in mammalian cell culture show that ox-
idative stress can adversely affect the
activity of key mitochondrial enzymes
and subsequently lead to a decline inATP
production (89). The important lesions
that lead to decline in mitochondrial en-
zyme activities are not known but could
be derived from mutations to mitochon-
drial or nuclear genes (90). Epigenetic
effects such as direct protein damage
(e.g., oxidation of vicinal dithiol and
monothiol-containing enzymes of the mi-
tochondrial inner membrane) may also
create a condition that indirectly leads to
genetic damage of these key genetic loci.
For example, oxidant-induced damage to
inner mitochondrial membrane proteins
can lead to increased leakage of °2 and
H202 that then may cause mtDNA mu-
tations. Oxidative inactivation of mito-
chondrial proteins that leads to de-
creased mitochondrial efficiency may be
related to the age-associated depression
of mitochondrial protonmotive force ob-
served in human fibroblasts (91) and mu-
rine lymphocytes (45). A decline in mi-
tochondrial membrane potential can lead
to lower ATP production and decrease
the efficiency of energy-dependent pro-
cesses such as signal transduction. The
loss of mitogen responsiveness in lym-
phocytes isolated from elderly individu-
als has been attributed in part to the
decrease in mitochondrial and plasma
membrane potentials (see below).
ALCARt and Mitochondrial Function.

The 3-oxidation of fatty acids serves as a
key source of energy for many tissues.
For these tissues the activity of car-
nitine-acylcarnitine exchange across the
inner mitochondrial membrane is ofgreat
importance. Investigations of heart mito-
chondria indicate that the activity of this
exchange reaction, which is mediated by
a thiol-containing and mersalyl-sensitive
carrier protein (92), is decreased signifi-
cantly with age (42). It has been sug-
gested that the lower intramitochondrial
pool of carnitine is in part responsible for
this age effect.
A rapidly growing body of evidence

suggests that the apparent age-related def-
icits in mitochondrial function can be
slowed or reversed by ALCAR, a normal
component of the inner mitochondrial
membrane that serves as a precursor for
acetyl-CoA as well as the neurotrans-
mitter acetylcholine. Once deacetylated,
L-carnitine, which remains in the inner
mitochondrial membrane, can be reacy-
lated and further serve to shuttle lipid
substrates into mitochondria for (-oxida-
tion. ALCAR has been shown to reverse
the age-related decrease in the levels of
mitochondrial membrane phospholipid
cardiolipin and the activity of the phos-
phate carrier in rat heart mitochondria
(83). Furthermore, the age-associated de-
crease in mtDNA transcription is re-
versed rapidly by ALCAR (93). Chronic

administration of this compound to rats is
associated with a reduction in the accu-
mulation oflipofuscin in Purkinje neurons
(94) and pyramidal neurons ofthe prefron-
tal cortex and hippocampus (95). It has
also been shown to attenuate the age-
related decrements in active avoidance
learning (96). ALCAR's effect on mito-
chondrial function in the aging brain is
supported by its ability to create a shift in
ATP production from glycolytic pathways
to mitochondria (97). In vitro studies in-
dicate that ALCAR increases the number
of N-methyl-D-aspartate (NMDA) recep-
tors of cultured cerebellar granule cells,
prevents age-associated reduction of
nerve growth factor binding to PC12 cells
(98), and attenuates the rate ofmortality in
rat dorsal root ganglia neurons (99). In
aged mice treated with ALCAR for 3
months, dopamine release is enhanced
compared with untreated control animals.
The age-associated loss ofthe D1 subclass
of striatal dopamine receptors is also at-
tenuated by this treatment (100). In addi-
tion, ALCAR reverses the age-associated
decrease in mitogen-induced lymphocyte
proliferation and protects lymphocytes
isolated from old donors from cytotoxicity
following a challenge with oxidants (101).
ALCAR appears to completely protect
canine frontal cortex proteins from oxida-
tion after cardiac arrest and restoration of
circulation (102). The multiplicative ef-
fects of ALCAR in reversing the age-
related decline in various physiological
parameters associated with mitochondrial
function may be attributable to its ability
to deliver acetyl-CoA equivalents to the
tricarboxylic acid cycle and to facilitate
the mitochondrial P-oxidation of fatty ac-
ids, thereby increasing the production of
ATP. It is plausible that ALCAR can
increase the metabolic efficiency of com-
promised subpopulations ofmitochondria
and cause a redistribution ofthe metabolic
workload, resulting in increased cellular
efficiency and possibly a decrease in the
rate at which mitochondria-derived oxi-
dants are produced.

Effects of Calorie Restriction on
Mitochondrial Function and Oxidant
Production

It has been suggested that Darwinian
fitness in animals is increased by the
delay of reproductive function during pe-
riods of low food availability (103) and
that the saved resources are invested in
maintenance of the body until food re-
sources are available for successful re-
production (104). For example, during
the winter months when food is scarce,
Syrian hamsters undergo a process of
gonadal regression that is accompanied
by patterns of daily torpor, a metaboli-
cally depressed state. These two inpor-
tant physiological adaptations minimize
consumption of metabolic fuel by divert-
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ing resources away from reproductive
function and by transiently lowering met-
abolic rate. When animals that had al-
ready undergone gonadal regression are
treated with testosterone, daily torpor is
not observed (105). This suggests a po-
tentially important, link between neuro-
endocrine modulation of reproductive
function andwhole body aerobic metab-
olism. Another example of the dramatic
life-extending effects of lowered oxygen
consumption rates is the unusually long
8-year life-span of the pocket mouse Per-
ognathus longimembris, a rodent with a
low waking metabolic rate and the ability
to undergo daily torpor (106).

During torpor or hibernation, a condi-
tion of extended torpor, mitochondrial
respiration of liver drops markedly. This
decrease in cellular respiration is associ-
ated with increased microviscosity and
decreased permeability of the inner mito-
chondrial membrane, a change that leads
to decreased transport of substrates for
intramitochondrial energy production.
Phospholipase A2 activity also decreases
(21), indicating that oxidation of lipids of
the inner mitochondrial membrane is re-
duced. Specifically, electron transfer
through the ubiquinol:cytochrome cl seg-
ment of the respiratory chain of liver
mitochondria isolated from hibernating
ground squirrels (Citellus undulatus) is
inhibited by 70-80%o compared with mi-
tochondria isolated from nonhibernating
control animals (107).
The physiological mechanisms that

control the conservation ofenergy during
periods of low food availability, as ob-
served experimentally with calorie re-
striction, may temporarily but pro-
foundly affect the metabolic rate of or-
ganisms capable of entering this state.
Therefore, daily torpor, by lowering the
metabolic rate and oxidant production
that can exert pro-aging effects, is likely
to be responsible for at least some of the
life prolonging effects of calorie restric-
tion. These findings are not necessarily
inconsistent with the observation of total
lean body 02 consumption being un-
changed when the effects of calorie re-
striction and ad libitum feeding are com-
pared (108). We suggest that while whole
body metabolic rate may remain con-
stant, significant shifts in the proportion
of oxygen consumed by the different or-
gans will occur, as would be predicted on
the basis of principles of physiological
adaptation. When food consumption is
low (i.e., calories are restricted), work-
load is reduced in organs (stomach, in-
testines, colon, liver, and kidney) that
participate in food absorption and diges-
tion. In contrast, spontaneous motor ac-
tivity increases in calorie-restricted ro-
dents. Female B6C3F1 mice (28 months
of age) or male and female F344 rats
reared on this dietary regimen exhibit an
approximately 50% higher spontaneous

motor activity than control animals fed
ad libitum (109-111). This increase in
motor activity is expected to elevate the
amount ofoxygen consumed by the mus-
cle tissues involved. Thus, when meta-
bolic energy is limiting, a paradoxical rise
in spontaneous movement is observed,
presumably as an evolutionary adapta-
tion that signals the organism to seek
food. Although this behavior requires
expenditures ofmetabolic energy that are
limiting, it improves survival by increas-
ing the probability of the animal finding
food. The extent to which this shift in
tissue-specific oxygen consumption oc-
curs is not known. However, it is rea-
sonable to speculate that the drop in
oxygen consumption by organs of the
digestive system (as well as the repro-
ductive system) will be partially compen-
sated by increases in oxygen consump-
tion due to motor activity.

Neuronal and Neuroendocrine Aging and
Mitochondrial Dysfunction

Oxidants and mitochondrial deficits may
lead to increased neuronal loss through
excitotoxic mechanisms. Because cen-
tral nervous system function is critical in
homeostasis, the attrition of a sufficient
number of neurons can lead to age-
associated disability and loss of various
physiological functions such as receptor-
mediated signal transduction.
The loss of sensitivity in central neu-

ronal receptors to agonist stimulation is a
hallmark of the aging process (112). This
appears to be particularly true in central
(hippocampal, striatal) muscarinic cho-
linergic systems and in the striatal dopa-
mine systems. Decreased receptor jium-
bers and less efficient signal transduction
seem to be responsible for a marked
decline in cognitive and motor functions.
Oxidation has been implicated in mem-
brane (112) and mitochondrial damage in
neurons. The central nervous system is
enriched in both unsaturated lipids and
nonheme iron, two ingredients that could
cooperate to produce oxidant damage
and cell death (113). A functional conse-
quence of oxidant damage is increased
membrane rigidity that can lead to a
decline in receptor-mediated signaling,
possibly explaining the age-associated
decline in responsiveness of the 13-adren-
ergic, dopaminergic, and muscariic re-
ceptor systems to agonist stimulation.
The effective age-related loss in signal
transduction can be mimicked in younger
animals by treatments such as kainic acid
or ionizing radiation (112) that produce
oxidative damage to these receptors.
The decline in mitochondrial function

that is proposed to occur with age in
terminally differentiated neurons appears
to increase their sensitivity to cell death
by excitatory factors. It has been shown
in vitro (114) and in vivo (115) that deficits

in mitochondrial function can lead to
nedironal degeneration and death by sen-
sitdiing neurons to the excitotoxic effects
of endogenous glutamate, a neurotramit-
ter that binds to the NMDA receptor and
under normal physiological conditions is
excitatory. The neurotoxic effects of ex-
citatory amhino acids have been impli-
cated in a nqmber of neurodegenerative
processes such as Huntington disease,
Parkinson disease, amyotrophic lateral
sclerosis, Alzheimer disease, and the
AIDS dementia complex and may also be
involved in a number of neurological dis-
orders, including stroke, epilepsy,
trauma, and neuropathic pain (116-118).
It is suggested that voltage-dependent
NMDA receptor ion channels will be-
come increasingly sensitized to the neu-
rotoxic effects of glutamate when cell
membranes become partially depolarized
because of decreased mitochondrial en-
ergy production (119). The decline in the
plasma membrane potential would thus
permit the release of the voltage-depen-
dent blockade of the NMDA receptor
channel by Mg2+. This release allows
persistent and uncontrolled receptor ac-
tivation that leads to calcium mobiliza-
tion from intracellular stores, oxidant
production, neuronal damage, and cell
death (120). Such a mechanism could
account for the progressive age-associ-
ated loss of these neuronal populations.
The prooxidant effect of glutamate re-

ceptor activation, which appears to be
amplified markedly when mitochondrial
function is compromised (121, 122), is
revealed in studies that show increases in
the formation of lipid peroxidation prod-
ucts and lipofuscin by the NMDA recep-
tor agonistsNMDA and kainic acid (123).
Studies on the effect of NMDA-induced
neuronal death suggest reactive by-
products of nitric oxide as one of the
principal cytotoxic species (124). NMDA
receptor activation triggers a rapid influx
of calcium into the cell that stimulates
calmodulin-dependent nitric oxide syn-
thase activity, creating amarked elevation
in nitric oxide production and subsequent
cellular damage. This effect ofnitric oxide
appears to be mediated by peroxynitrite, a
powerful oxidant formed from nitric oxide
and superoxide (125). Under physiologi-
cal conditions peroxynitrite rapidly de-
composes to generate oxidants with a
reactivity similar to that of hydroxyl rad-
ical. Inhibitors of nitric oxide synthase
effectively protect neuronal cells in cul-
ture from the cytotoxic effects ofNMDA
and glutamate (126). Antioxidant treat-
ments with 21-aminosteroids appear to be
somewhat effective in attenuating the neu-
rotoxic effects of these excitatory agents
in vitro (127). In addition, both glutathione
(GSH) and oxidized glutathione (GSSG)
are protective against the acute neuronal
toxicity, but they act by distinct path-
ways; GSH appears to act as an antioxi-
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dant, while GSSG binds to the vicinal thiol
residues of the NMDA receptor, thus
blocking receptor activation (128). The
prophylactic effects of antioxidant treat-
ments on age-associated, glutamate-
dependent neuronal losses have yet to be
tested. Long-term treatment of rats with
ALCAR also attenuates the age-associ-
ated reduction in the density ofhippocam-
pal NMDA receptors (129). Ubiquinone
also protects neuronal cells in culture
from glutamate toxicity (130). It is not
clear, however, whether the protection
afforded by ubiquinone in this cell culture
model is due to its role as a component of
mitochondrial electron transport or as an
antioxidant. Coadministration of nicotin-
amide (a precursor ofNADH) and ubiqui-
none is more protective against the neu-
ronal injury caused by the mitochondrial
toxin malonate than either compound
alone; this treatment prevents depletion of
ATP that is postulated to sensitize neu-
rons to the cytotoxic effects of excitatory
amino acids (131). The available evidence
suggests that acute neurological damage
or chronic neuronal degeneration that ac-
companies aging may be provoked in part
by mitochondrial dysfunction and the ox-
idants produced by the NMDA receptor-
mediated pathway.

Mitochondrial Dysfunction and Immune
System Decay

Age-associated deficits in mitochondrial
bioenergetics are suggested to play an
important role in T-cell function. Plasma
membranes of T cells isolated from old
individuals appear to be partially depolar-
ized compared with plasma membranes of
T cells isolated from young individuals.
This effect, which reflects a depressed
resting plasma membrane potential (132),
may be secondary to deficits in mitochon-
drial function. Decreased mitochondrial
membrane potential also appears to cor-
relate with decreased mitogen responsive-
ness (45). Interventions such as ALCAR
and ubiquinone, both ofwhich are known
to increase the efficiency ofmitochondrial
ATP production, have been reported to
improve cell-mediated immunity in hu-
man subjects (101, 133).

Clinical studies in elderly humans indi-
cate that various dietary antioxidants such
as glutathione, (-carotene, and a-tocoph-
erol improve cell-mediated immunity (see
references cited in ref. 2). Increasing the
intracellular antioxidant levels, improving
cell surface thiol status, improving mito-
chondrial function, and decreasing oxi-
dant-induced membrane rigidity could all
be mechanisms by which dietary antioxi-
dants serve to boost cell-mediated immu-
nity.

We are indebted to G. Attardi, M. F. Beal,
R. Dean, L. Packer, C. Richter, E. Schon,
R. S. Sohal, and D. C. Wallace for criticisms.

This work was supported by National Cancer
Institute Outstanding Investigator Grant
CA39910 and by National Institute of Envi-
ronmental Health Sciences Center Grant
ESO18% to B.N.A.

1. Kirkwood, T. B. (1989) Mutat. Res.
219, 1-7.

2. Ames, B. N., Shigenaga, M. K. &
Hagen, T. M. (1993) Proc. Natl. Acad.
Sci. USA 90, 7915-7922.

3. Fraga, C. G., Shigenaga, M. K., Park,
J. W., Degan, P. & Ames, B. N. (1990)
Proc. Natl. Acad. Sci. USA 87, 4533-
4537.

4. Stadtman, E. R. (1992) Science 257,
1220-1224.

5. Marnett, L. J., Hurd, H., Hollstein,
M. C., Esterbauer, D. E. & Ames,
B. N. (1985) Mutat. Res. 148, 25-34.

6. Sies, H. (1991) Oxidative Stress: Oxi-
dants and Antioxidants (Academic, Or-
lando, FL).

7. Richter, C., Park, J. W. & Ames, B. N.
(1988) Proc. Natl. Acad. Sci. USA 85,
6465-6467.

8. Mecocci, P., MacGarvey, U., Kauf-
man, A. E., Koontz, D., Shoffner,
J. M., Wallace, D. C. & Beal, M. F.
(1993) Ann. Neurol. 34, 609-616.

9. Richter, C. (1994) Dahlem Konferenz
74: MolecularAspects ofAging (Wiley,
Chichester, U.K.), in press.

10. Wallace, D. C., Ye, J. H., Neckel-
mann, S. N., Singh, G., Webster, K. A.
& Greenberg, B. D. (1987) Curr. Genet.
12, 81-90.

11. Hayakawa, M., Torii, K., Sugiyama,
S., Tanaka, M. & Ozawa, T. (1991)
Biochem. Biophys. Res. Commun. 179,
1023-1029.

12. Sohal, R. S. & Dubey, A. (1994) Free
Radical Biol. Med. 16, 621-626.

13. Huber, L. A., Xu, Q. B., Jurgens, G.,
Bock, G., Buhler, E., Gey, K. F.,
Schonitzer, D., Traill, K. N. & Wick, G.
(1991) Eur. J. Immunol. 21, 2761-2765.

14. Laganiere, S. & Yu, B. P. (1993) Ger-
ontology 39, 7-18.

15. von Zglinicki, T., Marzabadi, M. R. &
Roomans, G. M. (1991) Mech. Ageing
Dev. 58, 49-60.

16. van den Berg, J. J., Op den Kamp,
J. A., Lubin, B. H. & Kuypers, F. A.
(1993) Biochemistry 32, 4%2-4967.

17. Hatch, G. M., Vance, D. E. & Wilton,
D. C. (1993) Biochem. J. 293, 143-150.

18. Malis, C. D., Weber, P. C., Leaf, A. &
Bonventre, J. V. (1990) Proc. Natl.
Acad. Sci. USA 87, 8845-8849.

19. Pappu, A. S., Fatterpaker, P. &
Sreenivasan, A. (1978) Biochem. J. 172,
349-352.

20. Takamura, T., Sugiyama, S. & Ozawa,
T. (1987) Arzneimittelforschung 37,
153-156.

21. Brustovetsky, N. N., Mayevsky, E. I.,
Grishina, E. V., Gogvadze, V. G. &
Amerkhanov, Z. G. (1989) Comp. Bio-
chem. Physiol. B Comp. Biochem. 94,
537-541.

22. Nohl, H. & Hegner, D. (1978) Eur. J.
Biochem. 82, 563-567.

23. Sohal, R. S., Svensson, I., Sohal, B. H.
& Brunk, U. T. (1989) Mech. Ageing
Dev. 49, 129-135.

24. Sohal, R. S., Svensson, I. & Brunk,

U. T. (1990) Mech. Ageing Dev. 53,
209-215.

25. Ku, H.-H., Brunk, U. T.& Sohal, R. S.
(1993) Free Radical Biol. Med. 15, 621-
627.

26. Cortopassi, G. A. & Arnheim, N. (1990)
Nucleic Acids Res. 18, 6927-6933.

27. Soong, N. W., Hinton, D. R., Corto-
passi, G. & Arnheim, N. (1992) Nat.
Genet. 2, 318-323.

28. Corral-Debrinski, M., Horton, T., Lott,
M. T., Shoffner, J. M., Beal, M. F. &
Wallace, D. C. (1992) Nat. Genet. 2,
324-329.

29. Linnane, A. W., Baurner, A., Maxwell,
R. J., Preston, H., Zhang, C. F. & Mar-
zuki, S. (1990) Biochem. Int. 22, 1067-
1076.

30. Piko, L., Hougham, A. J. & Bulpitt,
K. J. (1988) Mech. Ageing Dev. 43,
279-293.

31. Munscher, C., Rieger, T., Muller-
Hocker, J. & Kadenbach, B. (1993)
FEBS Lett 317, 27-30.

32. Munscher, C., Mfller-H6cker, J. & Ka-
denbach, B. (1993) Biol. Chem. Hoppe-
Seyler 374, 1099-1104.

33. Bulpitt, K. J. & Piko, L. (1984) Brain
Res. 300, 41-48.

34. Piko, L., Bulpitt, K. J. & Meyer, R.
(1984) Mech. Ageing Dev. 26, 113-131.

35. Asano, K., Amagase, S., Matsuura,
E. T. & Yamagishi, H. (1991) Mech.
Ageing Dev. 60, 275-284.

36. Di Monte, D. A., Sandy, M. S.,
DeLanney, L. E., Jewell, S. A., Chan,
P., Irwin, I. & Langston, J. W. (1993)
Neurodegeneration 2, 93-99.

37. Bowling, A. C., Mutisya, E. M., Walker,
L. C., Price, D. L., Cork, L. C. & Beal,
M. F. (1993) J. Neurochem. 60, 1964-
1967.

38. Torii, K., Sugiyama, S., Takagi, K.,
Satake, T. & Ozawa, T. (1992) Am. J.
Respir. Cell Mol. Biol. 6, 88-92.

39. Boffoli, D., Scacco, S. C., Vergari, R.,
Solarino, G., Santacroce, G. & Papa, S.
(1994) Biochim. Biophys. Acta 1226,
73-82.

40. Paradies, G. & Ruggiero, F. M. (1990)
Biochim. Biophys. Acta 1016, 207-212.

41. Ruggiero, F. M., Cafagna, F., Petruz-
zella, V., Gadaleta, M. N. & Quaglia-
riello, E. (1992) J. Neurochem. 59, 487-
491.

42. Hansford, R. G. (1978) Biochem. J.
170, 285-295.

43. Paradies, G. & Ruggiero, F. M. (1991)
Arch. Biochem. Biophys. 284, 332-337.

44. Yu, B. P., Suescun, E. A. & Yang, S. Y.
(1992) Mech. Ageing Dev. 65, 17-33.

45. Leprat, P., Rinad, M. H. & Julien, R.
(1990) Mech. Ageing Dev. 52, 149-167.

46. Wilson, P. D. & Franks, L. M. (1975)
Adv. Exp. Med. Biol. S3, 171-183.

47. Hansford, R. G. (1983) Biochim. Bio-
phys. Acta 726, 41-80.

48. Hoch, F. L. (1992) Biochim. Biophys.
Acta 1113, 71-133.

49. Muller-Hocker, J. (1990) J. Neurol. Sci.
100, 14-21.

50. Spoerri, P. E. (1984) Monogr. Dev.
Biol. 17, 210-220.

51. Sohal, R. S. & Brunk, U. T. (1992) Mu-
tat. Res. 275, 295-304.

52. Hoch, F. L. (1988) Prog. Lipid Res. 27,
199-270.

umveview: Shigenaga et al.



Proc. Natl. Acad. Sci. USA 91 (1994)

53. Smith, R. E. (1956) Ann. N.Y. Acad.
Sci. 62, 405-422.

54. Kunkel, H. 0. & Campbell, J. E. (1952)
J. Biol. Chem. 198, 229-236.

55. Drabkin, D. L. (1950) J. Biol. Chem.
182, 317-333.

56. Jansky, L. (1961) Nature (London) 189,
921-922.

57. Munro, H. N. (1969) in Mammalian
Protein Metabolism, eds. Munro, H. N.
& Allison, J. B. (Academic, New York),
pp. 133-182.

58. Porter, R. K. & Brand, M. D. (1993)
Nature (London) 362, 628-630.

59. Brand, M. D. (1990) Biochim. Biophys.
Acta 1018, 128-133.

60. Brand, M. D., Couture, P., Else, P. L.,
Withers, K. W. & Hulbert, A. J. (1991)
Biochem. J. 275, 81-86.

61. Wallace, D. C. (1992) Science 256, 628-
632.

62. Arnheim, N. & Cortopassi, G. (1992)
Mutat. Res. 275, 157-167.

63. Wallace, D. C., Richter, C., Bohr,
V. A., Cortopassi, G., Kadenbach, B.,
Linn, S., Linnane, A. W. & Shay, J. W.
(1994) Dahlem Konferenz 74: Molecular
Aspects of Aging (Wiley, Chichester,
U.K.), in press.

64. Adachi, K., Fujiura, Y., Mayumi, F.,
Nozuhara, A., Sugiu, Y., Sakanashi, T.,
Hidaka, T. & Toshima, H. (1993) Bio-
chem. Biophys. Res. Commun. 195,945-
951.

65. Frei, B., Kim, M. C. & Ames, B. N.
(1990) Proc. Natl. Acad. Sci. USA 87,
4879-4883.

66. Corral-Debrinski, M., Shoffner, J. M.,
Lott, M. T. & Wallace, D. C. (1992)
Mutat. Res. 275, 169-180.

67. Byrne, E. & Dennett, X. (1992) Mutat.
Res. 275, 125-131.

68. Fernandez, S. P., Petruzzella, V., Fra-
casso, F., Gadaleta, M. N. & Canta-
tore, P. (1991) Biochem. Biophys. Res.
Commun. 176, 645-653.

69. Miller-Hocker, J., Schneiderbanger,
K., Stefani, F. H. & Kadenbach, B.
(1992) Mutat. Res. 275, 115-124.

70. Linnane, A. W., Zhang, C., Baumer,
A. & Nagley, P. (1992) Mutat. Res. 275,
195-208.

71. Trounce, I., Byrne, E. & Marzuki, S.
(1989) Lancet i, 637-639.

72. Yen, T. C., Chen, Y. S., King, K. L.,
Yeh, S. H. & Wei, Y. H. (1989) Bio-
chem. Biophys. Res. Commun. 165,
944-1003.

73. Sato, T. & Tauchi, H. (1982) Mech.
Ageing Dev. 20, 111-126.

74. Gadaleta, M. N., Rainaldi, G., Lezza,
A. M., Milella, F., Fracasso, F. & Can-
tatore, P. (1992) Mutat. Res. 275, 181-
193.

75. Bandy, B. & Davison, A. J. (1990) Free
Radical Biol. Med. 8, 523-539.

76. Sohal, R. S. & Sohal, B. H. (1991)
Mech. Ageing Dev. 57, 187-202.

77. Miranda, A. F., Ishii, S., DiMauro, S.
& Shay, J. W. (1989) Neurology 39,
697-702.

78. Vorbeck, M. L., Martin, A. P., Park,
J. K. & Townsend, J. F. (1982) Arch.
Biochem. Biophys. 214, 67-79.

79. Jakovcic, S., Swift, H. H., Gross, N. J.

& Rabinowitz, M. (1978) J. Cell Biol.
77, 887-901.

80. Tauchi, H. & Sato, T. (1980) Mech.
Ageing Dev. 12, 7-14.

81. Weinbach, E. C. & Garbus, J. (1959) J.
Biol. Chem. 234, 412-417.

82. Paradies, G., Ruggiero, F. M. & Dinoi,
P. (1992) Int. J. Biochem. 24, 783-787.

83. Paradies, G., Ruggiero, F. M., Gada-
leta, M. N. & Quagliariello, E. (1992)
Biochim. Biophys. Acta 1103, 324-326.

84. Smith, M. W., Collan, Y., Kahng,
M. W. & Trump, B. F. (1980) Biochim.
Biophys. Acta 618, 192-201.

85. Okayasu, T., Curtis, M. T. & Farber,
J. L. (1985) Arch. Biochem. Biophys.
236, 638-645.

86. Nakahara, I., Kikuchi, H., Taki, W.,
Nishi, S., Kito, M., Yonekawa, Y.,
Goto, Y. & Ogata, N. (1992) J. Neuro-
surg. 76, 244-250.

87. Eilers, M., Endo, T. & Schatz, G.
(1989) J. Biol. Chem. 264, 2945-2950.

88. Schoonen, W. G., Wanamarta, A. H.,
van der Klei-van Moorsel, J. M., Ja-
kobs, C. & Joenje, H. (1990) Mutat.
Res. 237, 173-181.

89. Gille, J. J. & Joenje, H. (1992) Mutat.
Res. 275, 405-414.

90. Miquel, J. & Fleming, J. E. (1984) Exp.
Gerontol. 19, 31-36.

91. Rugolo, M.- & Lenaz, G. (1987) J.
Bioenerg. Biomembr. 19, 705-718.

92. Pande, S. V. & Parvin, R. (1976) J.
Biol. Chem. 251, 6683-6691.

93. Gadaleta, M. N., Petruzzella, V., Re-
nis, M., Fracasso, F. & Cantatore, P.
(1990) Eur. J. Biochem. 187, 501-506.

94. Dowson, J. H., Wilton, C. H., Cairns,
M. R. & Ramacci, M. T. (1992) Biol.
Psychiatry 32, 179-187.

95. Amenta, F., Ferrante, F., Lucreziotti,
R., Ricci, A. & Ramacci, M. T. (1989)
Arch. Gerontol. Geriatr. 9, 147-153.

96. Ghirardi, O., Caprioli, A., Milano, S.,
Giuliani, A., Ramacci, M. T. & Ange-
lucci, L. (1992) Physiol. Behav. 52, 185-
187.

97. Aureli, T., Miccheli, A., Ricciolini, R.,
Di, C. M., Ramacci, M. T., Angelucci,
L., Ghirardi, 0. & Conti, F. (1990)
Brain Res. 526, 108-112.

98. Taglialatela, G., Angelucci, L., Ra-
macci, M. T., Werrbach, P. K., Jack-
son, G. R. & Perez, P. J. (1992) Bio-
chem. Pharmacol. 44, 577-585.

99. Manfridi, A., Forloni, G. L., Arrigoni,
M. E. & Mancia, M. (1992) Int. J. Dev.
Neurosci. 10, 321-329.

100. Sershen, H., Harsing, L. J., Banay,
S. M., Hashim, A., Ramacci, M. T. &
Lajtha, A. (1991) J. Neurosci. Res. 30,
555-559.

101. Franceschi, C., Cossarizza, A., Troiano,
L., Salati, R. & Monti, D. (1990) Int. J.
Clin. Pharmacol. Res. 10, 53-57.

102. Liu, Y., Rosenthal, R. E., Starke-Reed,
P. & Fiskum, G. (1993) Free Radical
Biol. Med. 15, 667-670.

103. Holehan, A. M. & Merry, B. J. (1985)
Mech. Ageing Dev. 33, 19-28.

104. Holliday, R. (1989) BioEssays 10, 125-
127.

105. Bartness, T. J., Elliott, J. A. & Gold-

man, B. D. (1989) Am. J. Physiol. 257,
R142-R149.

106. Sacher, G. A. & Hart, R. W. (1978)
Birth Defects 14, 71-96.

107. Brustovetsky, N. N., Amerkhanov,
Z. G., Popova, E. & Konstantinov,
A. A. (1990) FEBS Lett. 263, 73-76.

108. McCarter, R., Masoro, E. J. & Yu, B. P.
(1985) Am. J. Physiol. 248, E488-E490.

109. Duffy, P. H., Feuers, R. J., Leakey,
J. E. A. & Hart, R. W. (1991) in Bio-
logical Effects of Dietary Restriction,
ed. Fishbein, L. (Springer, Berlin), pp.
245-263.

110. Duffy, P. H., Feuers, R. J., Leakey,
J. A., Nakamura, K., Turturro, A. &
Hart, R. W. (1989) Mech. Ageing Dev.
48, 117-133.

111. Duffy, P. H., Feuers, R., Nakamura,
K. D., Leakey, J. & Hart, R. W. (1990)
Chronobiol. Int. 7, 113-124.

112. Joseph, J. A. & Roth, G. S. (1992) Clin.
Neuropharmacol. 15, Suppl. 1, Part A,
508A-509A.

113. Halliwell, B. (1992) J. Neurochem. 59,
1609-1623.

114. Novelli, A., Reilly, J. A., Lysko, P. G.
& Henneberry, R. C. (1988) Brain Res.
451, 205-212.

115. Simpson, J. R. & Isacson, 0. (1993)
Exp. Neurol. 121, 57-64.

116. Choi, D. W. (1988) Neuron 1, 623-634.
117. Meldrum, B. & Garthwaite, J. (1990)

Trends Pharmacol. Sci. 11, 379-387.
118. Lipton, S. A. (1992) Trends Neurosci.

15, 75-79.
119. Henneberry, R. C., Novelli, A., Cox,

J. A. & Lysko, P. G. (1989) Ann. N. Y.
Acad. Sci. 568, 225-233.

120. Coyle, J. T. & Puttfarcken, P. (1993)
Science 262, 689-695.

121. Beal, M. F. (1992) Ann. Neurol. 31,
119-130.

122. Beal, M. F., Hyman, B. T. & Koro-
shetz, W. (1993) Trends Neurosci. 16,
125-131.

123. Bondy, S. C. (1992) Neurotoxicology
13, 87-100.

124. Lipton, S. A., Choi, Y. B., Pan, Z. H.,
Lei, S. Z., Chen, H. S., Sucher, N. J.,
Loscalzo, J., Singel, D. J. & Stamler,
J. S. (1993) Nature (London) 364, 626-
632.

125. Blough, N. V. & Zafiriou, 0. C. (1985)
Inorg. Chem. 24, 3504-3505.

126. Dawson, V. L., Dawson, T. M., Lon-
don, E. D., Bredt, D. S. & Snyder,
S. H. (1991) Proc. Natl. Acad. Sci.
USA 88, 6368-6371.

127. Monyer, H., Hartley, D. M. & Choi,
D. W. (1990) Neuron 5, 121-126.

128. Sucher, N. J. & Lipton, S. A. (1991) J.
Neurosci. Res. 30, 582-591.

129. Fiore, L. & Rampello, L. (1989) Acta
Neurol. 11, 346-350.

130. Favit, A., Nicoletti, F., Scapagnini, U.
& Canonico, P. L. (1992) J. Cereb.
Blood Flow Metab. 12, 638-645.

131. Beal, M. F., Henshaw, D. R., Jenkins,
B. G., Rosen, B. R. & Schulz, J. B.
(1994) Ann. Neurol., in press.

132. Gupta, S. (1989) Ann. N. Y. Acad. Sci.
568, 277-282.

133. Folkers, K., Morita, M. & McRee, J. J.
(1993) Biochem. Biophys. Res. Conm-
mun. 193, 88-92.

10778 Review: Shigenaga et al.


